Abstract-A project to develop the fundamental technologies for accelerator magnets using coated conductors is in progress. A coil-dominated magnet and an iron-dominated magnet were designed, based on the conceptual design of spiral sector fixed field alternating gradient accelerator for carbon cancer therapy and that for accelerator-driven subcritical reactor, respectively. The required winding technologies were clarified through designing the magnets. The R&D of winding technologies for coils with three-dimensional shape and those with negative bend have been carried out. The influence of the magnetization of coated conductors on the field quality of magnets was studied experimentally.
Progress of Research and Development of Fundamental Technologies for Accelerator Magnets
Using Coated Conductors
I. INTRODUCTION
T HE applications of high T c superconductors (HTS) to accelerator magnets have been studied to increase magnetic fields or to reduce electricity consumption [1] - [20] . We have been carrying out a project to develop fundamental technologies for HTS accelerator magnets since 2010 [8] - [14] . Our target applications are carbon cancer therapy and acceleratordriven subcritical reactor (ADSR). Downsizing an accelerator by increasing the magnetic fields is attractive for the former, and reducing electricity consumption is attractive for the later. Among various HTSs, we focus on coated conductors, because of their large critical currents in high magnetic fields and their high mechanical strengths. The Stage I of the project, whose targets are the conceptual designs of accelerators using HTS magnets as well as those of the magnets themselves, was finished successfully. We also started the R&D of the fundamental technologies. In the four-year Stage II, which started in April 2012, we will establish the fundamental technologies and will integrate them into a model magnet for their demonstration.
In this paper, we report the progress of the project on the following topics: the magnet designs which are compatible with the designs of FFAG (Fixed-Field Alternating Gradient) accelerator [20] - [22] ; winding technologies enabling designed magnets; the influence of the magnetization of coated conductors on the field quality, which is a critical issue to apply HTSs with tape shape to accelerator magnets.
II. DESIGNS OF ACCELERATORS
Three designs of accelerators are listed in Table I . The footprints of magnets are shown in Fig. 1 for the accelerators R-C and S-C. Defocusing magnets, which are required in radial sector FFAG accelerators for alternating gradient but bend particle beams outward, can be eliminated in spiral sector FFAG accelerators. In spiral sector FFAG accelerators, the alternating gradient is realized by the nonlinear radial magnetic field profile and the spiral shape of magnets. The elimination of defocusing magnets reduces the diameter of an accelerator as well as the entire length of required conductors.
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III. DESIGNS OF MAGNETS
The magnet designs for the accelerator R-C is shown in [12] . The designs of the magnet for the accelerator S-C and that for the accelerator S-A are reported in this paper.
A. Coil-Dominated Magnet for Spiral Sector FFAG Accelerator for Carbon Cancer Therapy
Coil-dominated superconducting magnets are attractive to generate high magnetic fields [24] . As the first step to clarify the feasibility of coil-dominated superconducting magnets for spiral sector FFAG accelerators, we designed the coil of the magnet for the accelerator S-C, while the constraint on mechanical deformation of coated conductors was neglected. The procedure to design the coil is as follows [12] .
1) The radial magnetic field profile of an FFAG accelerator can be expressed with the multi-pole expansion as follows.
where R 0 is the major radius of the accelerator, r 0 is the reference radius, and x is the radial displacement from the magnet center. The magnetic field given by (1) can be generated by the cylindrical sheet current of radius R c surrounding the beam as [24] i
(2) This can be transformed to an elliptic sheet current. The cross-sectional positions of conductors on the elliptic mandrel are determined to simulate the elliptic sheet current. 2) The ellipse with conductor positions is rotated around the major axis of the accelerator to form a part of a toroid: conductors are expanded on the toroid. At the coil end, each conductor forms an arc with spiral angle: an inner conductor close to the accelerator center and the outer counterpart are connected with each other. 3) When an accelerator consists of N coils, the magnetic field is integrated over (360/N ) degrees along the integrating path shown in Fig. 1(b) to obtain the integrated magnetic field B L (r). Although the track of a particle is not a complete circle, the integration is made on the circle for simplification. This calculated B L,Cal (r) is compared with the B L,Spec (r) obtained from (1) to adjust the positions of conductor on a coil cross-section. 4) 1) through 3) are iterated until the local k + 1,
converges to real k + 1 determined as the specification. The outline and the shape of the designed coil are shown in Table II and Fig. 2 . The azimuthal profiles of magnetic field are shown in Fig. 3 .
So as to reduce the leakage magnetic flux from the coil ends shown in Fig. 3 , an iron return yoke and field clamps were attached to the coil as shown in Fig. 4 , and the magnetic field analyses were carried out. The relative permeability of the iron was set at 5000, neglecting its magnetic saturation. In Fig. 5 , the azimuthal profiles of the magnetic field with and without the return yoke and the field clamps are compared with each other. The leakage magnetic flux from the coil ends can be reduced effectively by the return yoke and the field clamps.
B. Iron-Dominated Magnet for Spiral Sector FFAG Accelerator for ADSR
In iron-dominated magnets, though the magnetic field strength is limited by the saturation of iron, electricity consumptions can be reduced by using HTS [25] . This is very attractive for ADSR, because the efficiency of its accelerator is critical for its realization. Fig. 6 and Table III show the irondominated magnet designed for the accelerator S-A. The iron is placed at room temperature, and only the superconductor coil is placed in a cryostat. The coil is installed in the cryostat placed in the slot of the iron as shown in Fig. 6(c) . The operating current (I op ) of the coated conductor is 170 A at 0.625 T. Based on the critical current (I c )-magnetic field (B) and temperature (T ) dependence measured for a commercial class coated conductor [9] , the load rates (I op /I c ) can be calculated for various temperature. When operated at 50 K, the load rate is 72%, and the coil can be cooled by using a GM-cryocooler. Here, we calculated the efficiency of the accelerator S-A. The input power of a standard GM-cryocooler is 6.5 kW, and the number of GM-cryocooler is 32. Therefore, the total input power required for GM-cryocoolers in the entire accelerator is 0.21 MW. Eleven RF cavities are installed in the accelerator S-A. When assuming that the input power of an RF cavity is 350 kW, the total input power to RF cavities is 3.85 MW. Therefore, the total input power to the accelerator is about 4 MW. Meanwhile, the output power of the accelerator can be calculated as the product of its beam energy gain and the beam current. Here, the beam current of the accelerator is 2 mA. Then the output power becomes 1.6 MW. Finally, the efficiency of the accelerator becomes around 40%, which is high enough for the realization of ADSR.
IV. WINDING TECHNOLOGIES
Technologies to wind coils with three-dimensional shapes are required for coil-dominated magnets. Technologies to wind coils with negative bend are required for the magnets of spiral sector FFAG accelerators. Coils must be impregnated with epoxy resin to improve thermal conductivity for conduction cooling by using cryocooler [26] . R&D of these technologies are carried out in our project [10] , [13] . Target figures such as minimum bending radius of coated conductor, curvature to form three-dimensional coils, and the minimum radius of negative bend were set based on the specifications of the designed coils given in [12] and Section III-B. The schematics of fabricated reduced-size test coils are shown in Fig. 7 : (a) shallow saddle-shape coil and (b) coil with negative bend. The number of turns of each coil is 100, and they were impregnated with epoxy resin. Each coil was cooled in liquid nitrogen, and their voltage-current characteristics were measured. In the shallow saddle-shape coil, the critical current of the innermost layer which was exposed to the largest magnetic field was 53 A, which approximately agrees with the value calculated from the I c − B characteristic of a short sample conductor. The measured n value of the coil was above 20. A similar good voltage-current characteristic was observed in the coil with negative bend, too. 
V. MAGNETIZATION OF COATED CONDUCTOR
One of the concerns of coated conductors for applications to accelerator magnets is their possible large magnetization caused by their wide tape shape [7] , [12] , [27] - [30] . To clarify how the magnetization deteriorates the field quality, we made a small dipole magnet shown in Fig. 8 and measured its multipole coefficients of magnetic field by rotating pick-up coils [14] . The magnet consists of a pair of stacked two racetrack coils wound with GdBCO coated conductors. All coils were impregnated with epoxy resin. The GdBCO coated conductors, manufactured by Fujikura Ltd., are 5 mm wide and 0.2 mm thick including copper stabilizer. Their critical current at 77 K is about 280 A. The drifts of the dipole and sextupole coefficients normalized by the theoretical value of the dipole component were 4.8 × 10 −4 and 1.3 × 10 −4 , respectively, in 8 hours. The magnetization of coated conductors apparently influences the generated magnetic field, but the drift of the multi-pole coefficients are rather small. Supposing the temporal stability of the magnetization, magnetic field corrections, by using correction coils, for example, might be a possible countermeasure to the issue of the magnetization.
VI. SUMMARY
The coil-dominated magnet and the iron-dominated magnet for the spiral sector FFAG accelerator for carbon cancer therapy and that for ADSR were designed. We clarified the requirements for the winding technologies through designing coils and carried out the R&D of the winding technologies. Shallow saddle-shape coils and coils with negative bend were fabricated, and their degradation-free superconducting properties were confirmed experimentally. Measured little drifts of multipole coefficients caused by decaying magnetization suggest magnetic field corrections as a possible countermeasure to the issue of the magnetization.
